ABSTRACT Acutolysin A, which is isolated from the snake venom of Agkistrodon acutus, is a member of the SVMPs subfamily of the metzincin family, and it is a snake venom zinc metalloproteinase possessing only one catalytic domain. The catalytic zinc ion, binding in the active site, is coordinated in a tetrahedral manner with three imidazole nitrogen atoms of histidine and one oxygen atom. It is uncertain whether this oxygen atom is a water molecule or a hydroxide ion just from the three-dimensional X-ray crystal structure. The identity of the fourth ligand of zinc is theoretically determined for the first time by performing both combined quantum mechanical and molecular mechanical (QM/MM) simulation and high level quantum mechanical calculations. All of the results obtained indicate that the fourth ligand in the active site of the reported X-ray crystal structure is a water molecule rather than a hydroxide anion. On the basis of these theoretical results, we note that the experimental observed pH dependence of the proteolytic and hemorrhagic activity of Acutolysin A is because that the deprotonation of the zinc-bound water to the better nucleophile of hydroxide under acidic conditions is less facile than that under weakly alkaline condition. This detailed analysis of the structural elucidation should provide some useful information for mechanism study and drug design.
Introduction
Zinc is essential to all forms of life. [1] [2] [3] [4] [5] [6] [7] [8] [9] Zinc enzymes appear to be the most abundant and well studied both experimentally and theoretically among all the naturally found metalloproteins. 10 There are approximately 300 zinc enzymes, with representatives known for each of the fundamental enzyme classes (oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases). Much of the importance of zinc enzymes derives from their peptidase and amidase activity involving the cleavage of exemplified by their nuclease activity pertaining to the hydrolysis of DNA and RNA. 1 Therefore it is evident that zinc plays multifaceted roles in biological systems, and a detailed understanding of these roles requires correspondingly detailed enzyme structural information.
Many new interesting zinc enzymes have been identified and structurally characterized in the past few years. In the most common structural motif of zinc enzymes, a few functional residues seem to be most important for catalysis: the zinc ion, a zinc-coordinated oxygen atom, and a carboxylate side chain. 4 Since hydrogen atoms can not be determined by X-ray diffraction techniques and the resolution of the crystallographic data is not good enough, it is experimentally underdetermined whether the coordinated oxygen atom is in the form of water or hydroxide. Despite decades of intensive research, some doubts concerning the protonation state of functional active site residues still remain. 4 In this regard, Zhan et al. have theoretically determined the identity of the bridging oxygen in zinc-substituted phosphotriesterase and the study indicates that the critical bridging oxygen exists in the form of hydroxide ion in this dinuclear metallopeptidase. 11 Our interest has been to determine the structure form of the zinc-coordinated oxygen atom in the monozinc enzyme of Acutolysin A 12 .
Snake venoms are a rich source of zinc-dependent metalloproteinases. [13] [14] [15] Apart from playing an important role in the digestion of prey tissues, these enzymes also participate in the pathophysiology of envenoming by inducing local and systemic bleeding, 13, 16, 17 as well as other tissue-damaging activities and hemostatic alterations. 13, 16, 18 Acutolysin A is a 22 kDa hemorrhagic toxin isolated from the snake venom of Agkistrodon acutus. 12 It can be classified into the P-subclass of snake venoms metalloproteinases (SVMP) possessing only one catalytic domain, and it is also a member of the matrix metalloproteinases (MMP) superfamily for the similarity of the constituent domains. 19 The crystal structure of Acutolysin A is shown in Figure 1 using 1bsw.pdb of Gong et al.. 12 The catalytic zinc ion, binding in the active site, is coordinated in a tetrahedral manner with one oxygen atom anchoring to an intermediate glutamic acid residue (Glu143) and three imidazole N ε2 atoms of His142, His146 and His152 in the highly conserved sequence H 142 E 143 XXH 146 XXGXXH 152 . This oxygen atom, which is located in the neighborhood of the carboxylate group of the glutamate residue, is considered to be a base for nucleophilic attack on the carbonyl carbon atom of the sensitive peptide bond. 12 Here we theoretically determine the identity of this critical ligand by performing both combined quantum mechanical and molecular mechanical (QM/MM) simulation on the solvated protein and high level quantum mechanical calculations on simplified models of the active site. At present the cleavage patters of many SVMPs on basement membrane proteins are largely unknown, 20 and the detailed structural data of the active site are essential to fully understand the catalytic and hemorrhagic mechanism. In addition, insights gained from this structural study also facilitate the rational design of potential drugs to treat diseases where matrix metalloproteinases have been implicated, e.g., arthritis and tumor metastasis.
21
Modeling the behavior of a zinc atom and its ligands is a challenging task when using a pure MM force field. 22-25 Indeed, its large positive charge can result in substantial polarization effects, local geometric changes, and coordination number changes. 22, 23 In this work, molecular dynamics simulation was carried out to explore equilibrium structure information and dynamic behavior of the active site of Acutolysin A using the QM/MM potential. QM/MM methods solve these problems by treating the metal ion and its ligands quantum mechanically while treating the surrounding environment with a force field.
In this approach, polarization of the metal ion and its ligands can be effectively dealt with since it is explicitly included in the QM/MM model. Furthermore, the dynamics of the coordination sphere is included as well as the ability to undergo coordination changes.
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Computational details
A. Modeling. To determine the form of the fourth ligand of zinc, simulations were carried out on each of the alternative zinc-ligand structures: one with water and the other with the hydroxide anion. The Xray crystal structure of Acutolysin A determined at 1.95 Å resolution (Protein Data Bank code 1BSW) was used as the starting geometry for all simulations. 12 All the water molecules originally determined in the X-ray crystal structure were kept. The coordinates for all hydrogen atoms were generated using the HBUILD facility in CHARMM, and the protonation states for ionizable residues were set corresponding to neutral pH. Thus, histidine residues were modeled as neutral or protonated residues on the basis of possible hydrogen bond interactions deduced from the X-ray crystallographic structure. 26 The resulting systems have a net charge of -2e or -3e for the case of the ligand being water and hydroxide, respectively.
The system containing water molecule was neutralized by adding four sodium cations and two chloride anions, while the hydroxide system was neutralized by adding five sodium cations and two chloride anions. The final protein structures were solvated with cubic boxes of water molecules using the package of Visual Molecular Dynamics. 27 The initial dimension of the boxes was 62×62×62 Å 3 , which ensures that all the protein atoms are at least 10 Å away from the edges of the boxes. Water molecules within 2. We have adopted the semiempirical parametrized model 3 (PM3) method 35 for the description of the QM region due to the huge computational cost of ab initio or DFT methods. Semiempirical methods, although less systematic than high-level ab initio models that include electron correlation, can still provide important insights, and have been successfully used in numerous enzymatic reactions by several groups.
23, [36] [37] [38] [39] [40] [41] [42] In the combined QM/MM treatment, the atoms in the inner coordination sphere of the zinc ion are included in the QM representation. We have used the generalized hybrid orbital (GHO) method to treat the interface between the QM and the MM region, 43 and the C β atoms of the three histidine residues (His142, His146, and His152) were defined as the GHO boundary atoms. The rest of the enzyme residues and water molecules are described, respectively, by the CHARMM22 force field 32 and the three point charge TIP3P model. 44 A schematic representation of the QM/MM partitioning of the system is shown in Figure 1 . A total of 28 or 27 atoms are included in the QM region for the case of the ligand being water and hydroxide, respectively.
C. Molecular Dynamics Simulation.
To remove close contacts and highly repulsive orientations of the initial protein-solvent system, we first performed 1500 steps of energy minimization for all water molecules and counterions using the adopted-basis set Newton-Raphson (ABNR) method in CHARMM-version c33, with the protein atoms held fixed. 45 This was followed by 5 ps of molecular dynamics for waters and counterions to allow the solvent molecules to equilibrate, and the temperature was brought up from 200 to 298.15 K. Subsequently, by fixing the atoms in QM region and all the waters and counterions, the protein atoms were minimized using 500 steps of the ABNR method, then another 2 ps molecular dynamics was carried out for these protein atoms with the temperature raised from 200 to 298.15K. Finally, the entire system was heated up from 200 to 298.15 K for 2 ps with all the constraints removed and then was further equilibrated at 298.15 K for another 10 ps with the QM/MM simulation. After the above 19 ps of heating equilibration, the QM/MM simulation of the final system was kept running until the equilibration time of the root-mean-square deviation (RMSD) of MD structure from the X-ray structure is more than 500 ps. The total simulation time are 1 ns and 1.5 ns for the case of the fourth ligand being water and hydroxide, respectively, and trajectories saved during the last 100 ps production simulation are collected for structural analysis.
Both the MM and QM/MM simulations were carried out using periodic boundary conditions and the isothermal-isobaric (NPT) ensemble at 298.15K and 1 atm. In the present study, a spherical cutoff distance of 12 Å was used for the nonbonded interactions generation along with a switch function in the region 11 to 12 Å to feather the interaction energy to zero. The nonbonded pair list and the image list were built on the basis of group separations, and they were updated every 25 steps. During an image update, the distant solvent molecules were replaced by a close image, and the group of image atoms within the cutoff distance of the primary atoms was updated. We used the leapfrog integration scheme 46 to propagate the equations of motion with a time step of 1fs and with the extended system constant pressure and temperature algorithm implemented in charmm. [47] [48] [49] All the bond lengths and bond angles involving hydrogen atoms were constrained by the SHAKE algorithm, 50 and the dielectric constant was set to 1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with hydroxide ion. The simplified models are composed of all the atoms in the QM region and GHO boundary atoms, which are saturated with hydrogen atoms. The geometries were fully optimized by employing density functional theory (DFT) using Beck's three-parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP) 52, 53 with three different basis sets, 6-31+G(d,p), 6-31++G(d,p), and 6-31++G(2d,2p). Previous study of Dudev et al. indicate that the B3LYP/6-31++G(2d,2p) calculations are well suited for evaluating the geometries and interaction free energies of complexes between divalent cations and oxygen-and nitrogen-containing ligands. [54] [55] [56] Finally, the corresponding vibrational frequencies were evaluated at the optimized geometries to verify their true stability.
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Results and Discussion
The key advantage of molecular dynamics is that it gives us a chance to follow the dynamics of a system within a certain time scale. Although the time scale is still generally limited to the submicrosecond range, even this period of time may provide substantial insight into processes that occur in biological systems such as proteins. 57 We have analyzed the simulation trajectories and have followed several geometry parameters that characterize the protein of Acutolysin A. For simplification 1bsw_water and 1bsw_hydroxide will hereafter be referred to as the simulations containing water or hydroxide ion as the fourth ligand of zinc, respectively. Before sampling the geometry parameters from the trajectories, we consider both the 1bsw_water and 1bsw_hydroxide simulations are equilibrated because of the small values of the fluctuation in temperature ( Figure S1 ) and potential energy ( Figure   S2 ). The temperature remains stable around 298.15K. The potential energy decreased in the beginning of the simulations, then leveled off in less than 100 ps suggesting that the relaxation is complete and the equilibrium has been reached. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1bsw_water simulation, after 300 ps the structure rebound to its original relaxed conformation till the end of the 1 ns simulation. The smaller RMSD of Zn 2+ and its ligands (QM region), as compared with the backbone RMSD, indicate that the metal-binding site is significantly more rigid than the rest of the protein. While the structure of atoms in QM region of 1bsw_hydroxide system oscillates between two alternative conformations, after 800 ps the RMSD reaches a plateau, which indicates the conformation relaxes to a much different one in comparison with X-ray structure. These conformation fluctuations reflect the changes of hydrogen-bonding patterns in the second coordination shell, which will be illustrated below.
The selected simulated internuclear distances versus the simulation time between atoms in the active site are illustrated in Figure 4 , and atom name definition is shown in Figure 3 . D1 is the distance between coordinate oxygen atom (water or hydroxide ion) and Zn while lengthening the average Zn-N bond length, which is consistent with the study of Bergquist, et al. 58 Though D5 and D6 in 1bsw_water simulation have relative big deviation from the X-ray structure, these two distances are more reasonable than those in 1bsw_hydroxide simulation. Therefore these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 internuclear distances from the MD simulations indicate that the fourth ligand in the X-ray structure is a water molecule instead of a hydroxide ion.
MD average RMSD and standard deviation from the experimental structure for three atom sets:
backbone atoms (S1), atoms within 10 angstroms of zinc (S2), and atoms in QM region (S3) are reported in Table 2 . As can be seen from this Table, the average values of RMSD are smaller in 1bsw_water simulation than those in the 1bsw_hydroxide simulation for all these three atom sets, and the average RMSD of atoms in QM region (S3) of 1bsw_hydroxide system is as twice as that of 1bsw_water system. Obviously, the starting X-ray structure is much more different from the equilibrated structure in the 1bsw_hydroxide simulation than that in the 1bsw_water simulation. In other words, the fourth coordinate oxygen atom of zinc in the X-ray structure is from a water molecule.
Besides the above QM/MM MD simulation, we have used high level quantum chemistry calculation to examine the reliability of semiempirical PM3 method using simplified active site model. The geometries were fully optimized with three different basis sets and the corresponding vibrational frequencies were evaluated at the optimized geometries to verify their true stability by use of the Gaussian03 program. 51 Table 3 reveals that the internuclear distances involving zinc determined at different basis set are exactly consistent with each other, and the optimized structure with the 1bsw_water model is closer to the corresponding geometry parameters in the reported X-ray structure, which is in quite good agreement with results from the QM/MM MD simulations. The present results obtained from molecular dynamics simulations and quantum chemical calculations strongly support the conclusion that the fourth ligand in the active site of the reported X-ray crystal structure of Acutolysin A is a water molecule rather than a hydroxide ion.
The considerable fluctuations of RMSD in the active site may be followed by tracking key dihedral angles over the course of the simulations as seen in Figure 5 , and the average values of these dihedral angles with standard deviations are shown in Table 4 . These three dihedral angles involve the coordinate oxygen atom, zinc, nitrogen atoms and carbon atoms in the imidazole ring of His142, His146, and
His152. The definitions of them are specified in the footnote of Figure 5 , and atom names are also shown in Figure 3 an obvious impact on the orientations of the other two imidazole rings, which leads to the weakening of the other hydrogen bond (HB1). The distance between the donor and the acceptor of HB1 has changed from 2.84Å in the X-ray structure to 3.23Å, which is the average value over the last 100 ps of simulation as shown in Table 5 . While in the 1bsw_water simulation as shown in Figure 6 (a), the HB1 is quite stable and maintained during the entire simulation, which tightly holds the distance between the donor and the acceptor and provides a critical stabilization to the orientation of imidazole ring. With the strong hydrogen bonding interaction of HB1, it is not surprising that after 300 ps the rebound of conformation is observed. Overall it should be the new hydrogen bond forming and original hydrogen bond breaking, which act as the anchor for imidazole ring, that induce the torsion of the rings, leading to the big fluctuation of RMSD. Figure 7 plots the RMSD of Glu143 from the experimental structure. In contrast to the simulation of 1bsw_water, the conformation of Glu143 of 1bsw_hydroxide system changes substantially after 200 ps.
This conformation change is in favor of the new HB3 forming, so it is not surprising that the 1bsw_hydroxide system is equilibrated to another much more different conformation comparing with the X-ray structure than 1bsw_water system.
To analyze the distribution of water molecules in the active site besides the water coordinated to zinc, we have monitored the movements of all the waters within 4.5Å of zinc in 1bsw_water simulation (Figure 9(a) ). The interesting phenomenon of water molecule exchange is observed even during 1ns of simulation time. In the X-ray structure only two crystal waters are found in this sphere (CWAT435 and CWAT372), and after about 100 ps CWAT372 becomes far from zinc. Another water CWAT435 is more stable and have stayed in the active site for about 650 ps, and then moves away. By observing the residues around this water, we find a hydrogen bond between CWAT435 and backbone carbonyl oxygen of Ala111, which places constraints on the movement of this water before broke at about 650 ps (See Figure 9(b) ). At about 800 ps another two water molecules (BULK3819 and BULK4047) diffuse into this sphere and form two hydrogen bonds with the backbone carbonyl oxygen of Pro168 and carboxylate group of GLu143. The average values of involved hydrogen bonds are also summarized in Table 5 .
Acutolysin A possesses strong hemorrhagic activity with the minimum hemorrhagic dose (MHD) of 0.4 g, 59 and its proteolytic activity was observed to be sensitive to pH values, in that the activity under weakly alkaline condition (pH 7.5) is about 100 times stronger than that under weakly acidic condition (pH 5.0). 60 Although the present theoretical results indicate that, when there is no substrate and the enzyme can not function, the fourth ligand of zinc in the stable X-ray crystal structure is a water 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the experimental pH-rate profile 60 , the concentrations of the two kinds of Acutolysin A active site structures (with hydroxide and with water) should be equal to each other. At lower pH the structural form with water as the fourth ligand should be dominant, and at higher pH the structure form with hydroxide as the fourth ligand should be dominant. 62 So the deprotonation of the zinc-bound water to the better nucleophile of hydroxide under acidic conditions is less facile than that under weakly alkaline condition, which might be the reason why Acutolysin A is inactive or have a low activity under acidic conditions.
Conclusions
Zinc plays an essential role in biological systems, primarily via its function in more than ca. 300
enzymes. However, as a result of the poor spectroscopic properties associated with the Zn Ⅱ ion, it is a nontrivial issue to determine the structure of the active site of a zinc enzyme in solution. 58 In this work the identity of the fourth ligand of zinc in Acutolysin A is theoretically determined by performing both 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 deprotonation of the zinc-bound water to the better nucleophile of hydroxide under acidic conditions is less facile than that under weakly alkaline condition.
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